As a meshfree particle method, the MPS (Moving Particle Semi-implicit) method is an efficient numerical tool for simulating flows with complicated behavior of water surface, such as wave breaking. In this paper, the MPS method has been applied to solve the Navier-Stokes equation for simulating the breaking and post-breaking of solitary waves on a uniform slope. The high precision of MPS method in the simulation of violent free surface flows, like the breaking waves, is confirmed through both quantitative and qualitative comparisons to other numerical results by the BEM or the VOF and experimental data. The process of splashup which is hard to be simulated by conventional grid-based methods is also well reproduced by the MPS method.
INTRODUCTION
The region between a breaking point and a shore is called surfzone which is characterized by irreversible transformation of wave motion into motions of different types and scales, including turbulence, vortices, low frequency waves, and currents. Energy and momentum are transferred drastically from the motion of one scale to another. The momentum transfer results in an active mass transport; therefore, considerably reshapes coastal bathymetry. The key factor in understanding the mass transport in surfzone is the characteristics of the velocity and turbulence fields; nevertheless, their complicated unsteady structures have prevented us from sufficient understanding of internal structure of breaking waves.
Experimental studies on breaking waves suffer from difficulties and limitations, like the difficulty of velocity measurement or the limitation of site access. Such difficulties along with the rapid advancement in computational power, have led to recent popularity of numerical simulations, by use of which, more detailed insight of flow and turbulence structure can be provided. Different numerical approaches have been applied to the study of breaking waves. Potential flow-based models with fully nonlinear free surface boundary conditions (FNPF) based on the Boundary Element Method (BEM) 1) are very accurate in predicting the free surface shape and depth-dependent velocity information up to breaking point. Actually, this model seems to be accurate, even beyond the breaking point, up to the instant impact of a breaker jet on the free surface 2) ; however, further than this, the FNPF model breaks down.
Like any turbulent flow of incompressible Newtonian fluid, breaking waves can also be described by the Navier-Stokes equation. Based on two different numerical points of view, namely the Lagrangian and Eulerian view points, different numerical algorithms have been developed to solve the Navier-Stokes equation and track the free surface movement. The MAC (Marker And Cell) and VOF (Volume Of Fluid) methods are two of the most popular water-surface-tracking methods applied in the Eulerian solvers of Navier-Stokes equation. The former employs marker particles to define the free surface, while the latter solves a transport equation for the volumetric occupation rate Annual Journal of Hydraulic Engineering, JSCE, Vol.51, 2007, February of fluid. Despite their popularity and large range of applicability, both MAC and VOF methods suffer from the problem of numerical diffusion arising from the grid-based discretization of the advection terms in the Navier-Stokes equation. In contrast to grid-based methods, meshfree particle methods can accurately analyze the free surface without the problem of numerical diffusion. The numerical diffusion becomes more significant when the free surface experiences large deformations (like the case of breaking waves) and especially when fragmentation and coalescence of water exist (like during the post-breaking stage and the process of splashup). In this paper, breaking and post-breaking of solitary waves on a uniform slope is studied by means of a meshfree particle method, namely the MPS method proposed by Koshizuka and Oka 3) . Firstly, the obtained results are quantitatively compared to those from BEM and VOF models, also those from laboratory experiments. Afterward, more simulations are carried out to achieve a qualitative comparison between the MPS method and VOF-type models in the post-breaking stage.
NUMERICAL MODEL (1) Governing equations
The governing equations are written as follows:
where u = particle velocity, t = time, ρ = density of fluid, P = pressure, ν = kinematic viscosity, and g = gravitational acceleration. The above equations are discretized by use of particle interaction models that are described in the following section.
(2) Particle interaction models
The gradient and Laplacian models applied in the MPS method 3) are defined on the particle i as follows: where d = number of space dimensions, r = coordinate vector of fluid particle, w(r) = the kernel function, n 0 = the constant particle number density, and a coefficient defined as: = λ The iterative prediction-correction process of MPS method is composed of two steps similar to the two step projection method of Chorin 4) . The first prediction step is an explicit integration in time without enforcing incompressibility, while, the second correction step is an implicit computation of a divergence free velocity field. In the first process, intermediate temporal particle velocities and positions are obtained without considering the pressure term. In this process the mass conservation or the incompressibility of fluid is not satisfied, in other words, the number densities n* that are calculated at the end of first process deviate from the constant n 0 ; therefore, a second corrective process is required to adjust the number densities to initial constant values prior to the time step. In the second process, the intermediate particle velocities are updated through solving the Poisson equation of pressure which contains the deviation of particle number densities.
BREAKING AND POST-BREAKING OF SOLITARY WAVES ON A PLANE SLOPE (1) Quantitative comparison
In order to compare the results of MPS method with those of coupled VOF/BEM 5) and BEM 1) , the same simulation conditions of the mentioned numerical studies are considered; hence, shoaling, breaking and post-breaking of a solitary wave with incident relative wave height or the ratio of wave height (= H 0 ) to still water depth (= h 0 ) of H 0 /h 0 = 0.45 is simulated over a 1:15 slope. A schematic view of computational domain is depicted in Fig.1 . The waves are generated by an offshore moving wall, the velocity of which is adjusted according to the analytical solution of solitary waves with desired heights. The incident wave height is considered as 8.40 cm. After about 15 seconds of computational time, when the generated waves reach the stable steady state, the offshore water depth is measured as 0.186 m. Thus, regarding to the wave height of 0.084 m the incident relative wave height would be H 0 /h 0 =0.45. This condition together with the prescribed slope of 1:15, would lead to a large scale plunging breaker. In addition to the MPS code, the standard version (the code without a turbulence model) of a VOF code 6) is also applied to simulate the same problem. The interface is approximated based on a simple piecewise constant VOF scheme; as a result, the shape of the plunging jet could not be well simulated. In the VOF simulation, the 6.0 × 0.45 meter rectangular domain is discretized by use of a finely square mesh composed of 1200× 90 cells. The size of each computational cell is 0.5 cm, which corresponds to the particle size in MPS calculations.
Figs. 3 and 4 depict some snapshots of water surface profile obtained from standard VOF and standard MPS calculations, respectively. In each figure the x-axis zero point and the start of the normalized reference time are those corresponding to the breaking point, x B , and breaking instant, t B , respectively. and Raichlen 2) . As it is evident from the figure, the FNPF-BEM and coupled VOF/BEM models agree very well with each other, and with the experiment, up to breaking point, x/h 0 = 31.60; however, from this point shoreward, although the agreement between the two models is still quiet good, both models seem to overestimate the change in wave height. The FNPF-BEM model fails to calculate the post-breaking stage. The results obtained from this model are available only up to stage of the impending jet impact, x/h 0 = 32.80. Conversely, the coupled VOF/BEM can calculate the post-breaking stage; nevertheless, it overestimates the change in wave height during the post-breaking stage. The standard VOF significantly underestimate the breaking height and overestimate the breaking depth, comparing to other models. Although the main source of error seen in standard VOF results seems to be the employment of a simple numerical scheme for interface tracking, all VOF-type models suffer from a common problem, that is, the problem of numerical diffusion arising from the grid-based discretization of advection terms in the Navier-Stokes equation. This problem becomes more severe during the post-breaking stage as the water surface experiences large deformations, usually accompanied with fluid fragmentation and coalescence. On the contrary to Eulerian grid-based VOF-type models, the fully Lagrangian MPS model is free from the problem of numerical diffusion, while it can more easily track the largely deformed or fragmented water surface. As it can be seen from Fig. 5 , the agreement between the MPS results and experimental data is much better than that of the other numerical models, especially during the post-breaking stage. During the breaking stage, however, the MPS model appears to slightly underestimate the wave height and overestimate the breaking point. The small difference between the MPS results and the experimental data might arise from different factors. Firstly, in the experiments, the slope had been defined by a smooth sloping surface; while, in the MPS simulations a stair-step slope has been considered. The second factor is the problem of artificial pressure fluctuation. In particle methods, the coordinate system of particles is preserved by particles that push their neighboring particles away. The excessive concentration of particles will result in repulsive forces, leading to an unavoidable local pressure fluctuation 7) , because of which, the wave energy (and therefore, its elevation) is artificially reduced especially over long distances of propagation. Coupling of MPS model with other numerical models, such as a Boussinesq-type wave model, can be considered as an alternative to overcome this problem. Finally, the third factor is the problem of turbulence modeling, i.e. description of turbulent motions smaller than size of particles. Although the development of Sub-Particle-Scale (SPS) turbulence models 8) has made it possible to take into account the effect of small scale turbulent motions, no turbulence model is incorporated in the current MPS simulations. However, the influence of turbulent motions is expected to be less significant in the present simulations since the main purpose of this study is accurate prediction of water surface profile.
point breaking
Despite having a few disadvantages, the MPS method is a superior technique of water surface tracking, as the motion of water surface is accurately tracked with a very simple algorithm. The splashup, which is hard to be simulated by the conventional grid-based solvers due to the problem of numerical diffusion, is a very important process during the post-breaking stage, as it is responsible for the generation of large-scale vortices and plays a major roll in the dissipation of wave energy and momentum transfer. In the next section, the capability of MPS method in simulating the complex fluid dynamics processes such as the splashup, is demonstrated through qualitative comparisons between the MPS simulations, the laboratory experiments of Li and Raichlen 9) and the results obtained from the BEM/VOF model of Lachaume et al. 5) .
(2) Qualitative comparison
Another case of solitary plunging breaking wave development, impact and rebound of the plunging jet which results in the formation of a secondary jet and splashup, are well simulated by the MPS method; nevertheless, the aerated region underneath the plunging jet could not be well reproduced, as it disappears more rapidly than in case of experimental studies. This might arise due to different factors. Firstly, the standard MPS code applied in this study is a single-phase flow model; accordingly, the effect of strong air flow to the region underneath the plunging jet and the resulting entrapped air on water particles is not considered. Secondly, in case of standard MPS method, only the macroscopic particle-scale behavior of water is considered, and the effect of motions smaller than size of particles cannot be taken into account. The superiority of particle-based methods will come more clearly into view when they are applied in the simulation of complicated fluid dynamics processes (such as the splashup process) and especially when the particle-based simulations are compared to those of conventional grid-based methods, such as the VOF method. Fig. 8 shows the simulation results of Lachaume et al. 5) in case of strong BEM/VOF coupling and for the case of H 0 /h 0 = 0.45. Despite using a fine grid, the splashup process could not be well simulated, primarily because of the problem of numerical diffusion. According to the laboratory experiments (Fig. 7) , the reflected jet grows in size and rises higher than the original wave; however, in VOF-based simulation 5) and even for case of a higher wave, the fragmented reflected jet is reproduced by a single jet of water which is narrower in size and lower in height. The standard VOF model 6) could not even simulate the splashup process for this case of strong plunging breaking. On the contrary to VOF-type models, the fragmented nature of splash-up process can be well simulated by particle methods like MPS. Moreover, the approximate CPU time for the standard MPS calculations with one processor was about 2 hours per one second of computational time, while in case of VOF computations 5) with a two-processor workstation, this value had been nearly 13. The only main shortcoming in the present The splashup process is very difficult to be simulated by the Eulerian grid-based solvers due to the problem of numerical diffusion, while, the fully Lagrangian particle-based discretization of Navier-Stokes equation, allows the MPS method to well reproduce such type of complicated processes. The present simulations have been carried out by means of a standard MPS code, which is a two-dimensional single-phase flow model and without the description of sub-particle-scale turbulent motions. Three-dimensional simulations by liquid-gas two-phase flow model with a sub-particle-scale turbulence model should be conducted as future works. In addition, two-phase MPS-based simulation results should be compared to those of advanced and sophisticated two-phase grid-based models such as the CIP 12) -based ones, in terms of both accuracy and calculation time. 
